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y This  report  describes  a series  of  human  compatibility  tests  conducted 
to  man-rate  a 2-inan  molecular  sieve  oxygen  generating  system  prior  to  aircraft 
flight  teat  in  the  U.S.  Navy  EA-6B  aircraft.  The  protocol  included  ground- 
level  evaluations  and  chamber  flighto  up  to  13. A km  (A4,000  ft.)  altitude, 
simulating  the  operating  envelope  of  the  EA-6B.  It  was  concluded  that  the 
molecular  sieve  generating  unit  provided  adequate  oxygen  under  (ill  anticipated 
flight  conditions.  It  was  recommended,  however,  that  the  flight  test  program 
incorporate  an  improved  oxygen  regulator  to  enhance  system  perform.ance . i\ 
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HUMAN  COMPATIBILITY  TESTING  OF  A 2-MAN 
MOLECULAR  SIEVE  OXYGEN  GENERATOR 


INTRODUCTION 

Air  enrichment  via  molecular  sieve  is  one  of  several  candidate  on- 
board oxygen  generation  systems  under  Joint  Navy-Air  Force  development 
for  application  in  tactical  aircraft  (8) . Compared  to  other  systems  for 
in-f light  generation  of  oxygen,  the  molecular  sieve  offers  the  advantage 
of  low  aircraft  penalty  for  weight  and  power,  but  the  disadvantage  of 
producing  a breathing  gas  which  contains  less  than  100%  oxygen  (3,  5, 

7).  The  latter  results  from  a unique  feature  of  air  fractionation  by 
molecular  sieve  in  that  oxygen  can  be  separated  from  nitrogen  but  not 
from  argon.  The  first  generation  of  molecular  sieve  oxygen  systems  pro- 
duced a product  containing  50%  to  70%  oxygen.  However,  more  recent 
developments  in  molecular  sieve  bed  design  have  improved  the  separation 
efficiency  to  produce  a breathing  gas  containing  approximately  95% 
oxygen  - 5%  argon. 

To  demonstrate  feasibility  of  onboard  generation,  the  Naval  Air 
Development  Center,  Warminster,  Pennsylvania,  in  1976  developed  a proto- 
type 2-man  molecular  sieve  oxygen  generating  system  for  preliminary 
flight  teat  in  the  U.S.  Navy  EA-6B  "Prowler"  aircraft.  The  2-inan  system 
was  designed  and  fabricated  by  Bendlx  Corporation,  Instruments  and  Life 
Support  Division,  Davenport,  Iowa.  The  unit  has  been  previously  de- 
scribed by  Miller  et  al.  (5),  who  conducted  extensive  tests  to  determine 
the  composition  of  the  product  breathing  gas  as  a function  of  flow, 
inlet  pressure,  and  cabin  altitude. 

This  report  describes  a series  of  human  compatibility  tests  con- 
ducted to  man-rate  the  2-man  molecular  sieve  system  prior  to  aircraft 
flight  test.  The  evaluation  program  was  specifically  designed  to  detrr- 
mine  human  compatibility  of  the  combined  subsystems  for  generation  and 
delivery  of  breathing  gas  to  the  crewmember  under  anticipated  flight 
conditions.  Independent  test  parameters  Included  cabin  nnd  exhaust 
altitude,  air  supply  pressure  to  the  molecular  sieve  generating  unit, 
multiple  test  subjects,  and  variation  In  subject  ventilation  (workload). 
Dependent  parameters  evaluated  were  breathing  gas  composition  (oxygen, 
nitrogen,  argon,  and  carbon  dioxide),  mask  suction  pressure  (breathing 
resistance),  and  subject  fatigue. 


METHODS 
Test  Subjects 
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The  test  program  was  designed  to  conduct  human  compatibility 
evaluation  (man-rating)  of  the  2-man  molecular  sieve  oxygen  generating 
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unit  under  simuluted  ILight  conditions.  The  test  protocol  Included  5 

ground-level  evaluations  and  lA  flight  profiles  using  a total  of  14  male 

volunteer  teat  subjects.  Each  test  Involved  two  subjects  and  was 

conducted  under  one  of  three  workloads  (minute  volumes).  For  purposes 

of  this  study,  a resting  (or  zero)  workload  corresponded  to  a minute 

volume  of  5 to  15  LPM  (BTPS),  light  workload  to  a minute  volume  (Vc) 

of  15  to  25  LPM,  and  moderate  workload  to  a minute  volume  of  25  to 

40  LPM  (2) . The  elevated  minute  volumes  were  Induced  by  exercising  on 

a bicycle  ergometer.  The  V:  - exercise  relationship  for  each  subject  i 

was  determined  individually  prior  to  the  test  program.  Table  1 lists 

the  vital  statistics  of  the  test  subjects  as  well  as  their  minute 

volumes  at  each  workload.  ' 


TABLE  1.  VITAL  STATISTICS  OF  THE  SUBJECT  PANEL 


• 

Minute  volume 

(liters) 

Age 

Weight 

Height 

At 

Light 

Moderate 

Subject 

iyjl 

-jgJlI- 

^at 

workload 

workload 

A 

26 

81.8 

185.4 

_ 

— 

32 

75.0 

188.0 

6.2 

19.9 

36.5 

1 C 

28 

71.4 

173.7 

- 

23.8 

33.8 

' D 

22 

59.1 

177.8 

6.7 

15.0 

34.  3 

I ^ 

37 

72.7 

175.3 

7.7 

16.9 

33.2 

: F 

22 

61.4 

170.2 

7.7 

21.8 

38.5 

G 

34 

70.5 

173.7 

- 

19.4 

36.2 

H 

42 

77.3 

172.7 

- 

- 

- 

I 

24 

88.6 

188.0 

- 

25.4 

33.5 

i J 

25 

77.3 

188.0 

9.3 

19.3 

31.6 

K 

30 

63.7 

167.7 

8.8 

15.6 

30.8 

L 

31 

87.3 

180.3 

- 

22.4 

35.4 

M 

22 

84.1 

188.0 

6.5 

18.7 

33.2 

N 

31 

103.2 

198.1 

7.6 

- 

- 

Subject 

mean 

29.0 

76,7 

180.5 

Rated  AF 

mean  (2) 

30.0 

78.9 

177.0 

Experimental  Setup 

The  experimental  setup  for  the  manned  test  runs  is  shown  schemat- 
ically in  Figure  1.  The  molecular  sieve  generating  unit  was  positioned 
adjacent  to  chamber  1,  which  received  the  nitrogen-rich  exhaust  gas  at 
simulated  aircraft  altitude.  The  test  subjects  were  housed  in  chamber  2 
(Figure  2),  which  was  used  to  simulate  the  aircraft  cabin  altitude  for 
the  manned  test  runs.  The  product  gas  from  the  molecular  sieve  was 
piped  to  oxygen  regulators  Inside  chamber  2 through  approximately  24 
meters  (80  Ft)  of  8-mm  (5/16  inch)  O.D.  copper  tube  to  simulate  aircraft 


Flgura  1.  SchMUktlc  of  ■xptrlMintal  totup 
for  Mnoad  chaabtr  runt. 

configuration.  Tha  total  raaorvolr  capacity  batvaan  tha  aolacular  alava 
unit  and  tha  ragulatora  vaa  2.2  lltara,  which  waa  aada  up  of  1.0  lltar 
In  tha  unit  Itaalf  and  1.2  lltara  In  tha  connactlng  llnaa.  Tha  air 
aupply  to  tha  alava  unit  vaa  atandard  10.2  ATA  (150  palg),  flltarad, 
Inatruaant  air  fron  a watar>aaalad  coapraaaor.  drlad  to  -14*^0,  and 
controllad  to  the  daalred  Inlat  praaaura  by  a dlaphraga  ragulator 
locatad  laaMdlataly  upatraaa  of  the  anlacular  alava  unit. 

Inaida  the  chaabar»  tha  product  gaa  waa  dallvarad  to  each  taat 
aubjoct  through  a aodlflad  CKU-68  oxygan  regulator,  CRU~60/P  connector, 
and  MBU-5/P  oxygan  naak.  Tha  Modification  to  tha  C&U-68  ragulator 
involved  adjuataent  of  tha  dlaphraga  to  allow  daaaad  operation  at  vary 
low  Inlet  aupply  praaauraa  (down  to  approxlawtaly  0.07  ATA  (1  palg)). 

In  all  Banned  taata,  tha  ragulatora  vara  aat  in  tha  lOOX  delivery  aode. 
Prior  to  tha  taat  program  tha  ragulatora  wore  taatad  to  dataralna  tholr 
poaltlva  praaaura  dallvary  aehadula  under  atatlc  conditlona  ualng  tha 
USAF8AM  oxygan  ragulator  taat  atand  (10) . 
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I 

\ FlRurt'  Kx|i<'i-lmi>iil.il  luMiii)  sliowlng  subject  exercising  on 

. bU'vrlc  (’rj'wiu'i  cr  wIilU-  breathing  on  molecular 

; Hiic'Vc:  Lor , 

I 

Product  g.iH  compoM 1 1 loll  was  numliored  in  each  test  by  a four- 
channel  rusp  i ratorv  mass  upec L romuier  (Perkin-Elmer  Model  MGA-llOO). 
The  monitored  gases  wore:  oxygem  (O-KK)!!'.) , nitrogen  (0-100%),  carbon 
dioxide  (0-3%),  and  argon  (0-10%)-  iiie  concentration  of  each  gas  was 
I continuously  rccordeil  on  du.i.l-i:li.iiinol  strip  chart  recorders. 


During  portions  of  ilu'  leal  pi o;, ram,  breathing  gas  pressure  in  the 
facemask  was  also  measured  lu  deli  i mine  uuisk  suction  pressure.  i'or 
these  tests  tlie  MI)U-5/l‘  oxygen  mask  was  nuulified  to  incorporate  a pres- 
sure transdiuer  (Viairan  Model  '.i20-2^i)  inU)  the  oronasal  cavity.  The 
output  from  the  transducer  was  eiiiii  I niiousl y recorded  on  atrip  charts 
(brush  Model  22{)),  wlileli  were  laUT  examined  to  determine  average  suction 
pressures . 

During  all  simulated  flight  tests,  the  altitude  chambers  were 
manned  wltli  inside  and  outside  observers.  The  chambers  were  also 
equipped  with  alternate  oxygen  supply  systems  for  subject  uae  in  tlie 
event  of  test  equipment  failure. 
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RESULTS  AND  DISCUSSION 
Regulator  Tests 

The  outlet  pressur(?  characteristics  of  the  two  modified  CRU-68 
pressure  demand  regulators  are  shown  in  Table  2.  This  data  was  obtained 
under  static  flow  conditions  in  the  USAFSAM  regulator  test  stand  and 
indicates  the  delivery  pressure  of  each  regulator  from  8.5  km  (28,000 
ft),  where  positive  pressure  began,  to  14.3  km  (47,000  ft).  At  all 
altitude  settings  above  8.5  km  (28,000  ft),  the  outlet  pressure  of  the 
modified  regulators  was  greater  than  that  of  standard  CRU-68a  (6),  which 
was  due  In  part  to  the  diaphragm  adjustment  necessary  to  maintain  demand 
flow  at  very  low  inlet  preasureo.  According  to  Table  III  of  MIL-R“83178 
the  maximum  allowable  outlet  pressure  for  pressure-demand  oxygen  regu- 
lators at  13.1  km  (43,000  ft)  is  19.0  mm  Hg.  When  the  inlet  pressure  to 
the  molecular  sieve  was  set  to  its  maximum  value  of  S.l  ATA  (60  pslg), 
the  outlet  pressure  of  one  of  the  modified  CRU-68  regulators  was  in 
excess  of  50  mm  Hg  which  was  considered  somewhat  hazardous  (1)  and 
greatly  in  excess  of  that  required  to  maintain  an  acceptable  inspired 
oxygen  tension  with  a breathing  gas  containing  95%  oxygen.  Hence,  for 
all  of  the  manned  testing  involving  altitude  excursions  greater  than 
8.5  km  (28,000  ft),  the  outlet  pressure  to  the  molecular  sieve  unit  was 
set  at  3.7  ATA  (40  psig)  or  lower. 


Ground-Level  Testing 


Preliminary  evaluations  at  ground  level  were  designed  to  perfect 
(iioaaurlng  techniques  and  to  debug  instrumentation,  as  well  as  to  provide 
nn  Indication  of  the  molecular  sieve  performance  under  dynamic  (manned) 
breathing  conditions.  Five  ground- level  tests  were  made,  each  with  two 
subjects.  The  first  two  tests  were  conducted  with  the  subjects  at  rest. 
Inlet  pressure  to  the  molecular  sieve  unit  was  Initially  set  at  5.1  ATA 
(60  pslg)  and  progressively  reduced  to  3.7  ATA  (40  psig),  2,7  ATA  (25 
palg),  2.0  ATA  (15  pslg),  and  finally  to  1,5  ATA  (8  psig).  At  each 
inlet  pressure,  the  product  gas  composition  was  recorded  for  a 6-minute 
steady  state  period.  The  third  test  was  conducted  with  two  subjects  at 
light  workload,  and  the  final  two  tests  with  two  subjects  at  moderate 
workload.  In  each  workload  test,  the  inlet  pressure  to  the  molecular 
sieve  was  initially  set  at  5.1  ATA  (60  psig)  and  progressively  reduced 
to  us  low  a setting  as  the  subjects  could  tolerate  due  to  breathing 
reslsLance. 

The  results  of  the  ground-level  tests  are  shown  in  Table  3.  In 
every  test  the  oxygen  concentration  showed  a progressive  reduction  with 
clerroastng  inlet  pressure  to  the  molecular  sieve.  With  subjects  at  rest 
thi  oxygen  concentration  ranged  from  93%  at  5.1  ATA  (60  pslg)  to  27%  at 
1.5  ATA  (8  psig)  inlet  pressure.  The  pattern  was  exacerbated  by  subject 
workload,  which  served  to  increase  mass  flow  demand  on  the  system.  At 
moderate  workloads  the  subjects  were  unable  to  tolerate  breathing  resist- 
ance associated  with  inlet  pressures  less  than  about  3.7  ATA  (40  psig). 
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pressute 
ATA  (pslg,), 

1.7  (10) 


2.7  (25) 


3.7  <W) 


5.1  (AO) 


TAIU.l';  2. 


delivery  pressure  or  MODIEIED 

irrr\T>C 


Altitude 

thousands 

Rm  (REi) 


Delivery  pressure 
SR  80A419 
0 Plow  20__L|M; 


8.5  (28) 

9.1  (30) 
9.8  (32) 

10.4  (34) 
U.O  (36) 

11.6  (38) 
12.2  (40) 

13.1  (43) 

13.7  (45) 


4.2 

3.6 

3.9 
4.1 

4.6 

10.9 

17.6 
24.8 

30.6 


2.1 

2.3 

2.4 
2.7 
4.0 

10.6 

16.2 

23.3 

26.3 


8.5  (28) 
9.1  (30) 
9.8  (32) 
10.4  (34) 

11.0  (36) 

11.6  (38) 
12.2  (40) 

13.1  (43) 

13.7  (45) 


1.6 

2.6 

3.1 

3.1 

5.0 

12.7 

17.5 
26.9 

31.6 


2.0 
2.1 
1.9 
2.0 
3. 1 
10.8 

16.7 

22.8 

27.5 


8.5  (28) 
9.1  (30) 
9.8  (32) 
10.4  (34) 

11.0  (36) 

11.6  (38) 
12.2  (40) 

13.1  (43) 

13.7  (45) 


3.0 

3.0 

3.2 

3.6 

5.5 

13.4 

19.7 

24.8 

32.5 


2.1 

1.9 

2.2 

2.5 

5.2 

13.1 
16.8 
24.3 

28.1 


8.5  (28) 

9.1  (30) 
9.8  (32) 

10.4  (34) 
U.O  (36) 

11.6  (38) 
12.2  (40) 

13.1  (43) 

13.7  (43) 


54.7 

55.4 

55.7 

56.1 

56.2 

56.5 
57.0 

57.2 

57.3 


3.2 

2.3 
3.5 

3.8 

6.4 
12.6 
20.4 

24.8 

28.6 


(iran  Hg) 

SR  505504 
0 Plow  20_LUi 


3.1 

6.9 
6.7 
8.3 

7.9 

9.9 
14.6 
22.9 
27.2 


2.5 

6.7 
6.4 

6 . 8 

5.8 

6.9 

13.3 

21.3 
25.7 


5.8 
7.1 

7.4 

5.9 

7.8 

11.2 

16.8 
23.6 

28.4 


4.1 

6.  6 

7.1 

5.9 

6.6 

8.9 
16.2 
23.0 
26. B 


6.2 

6.6 

5.8 

9.0 
9.4 

13.0 

19.1 

25.3 

30.4 


4.8 
5.5 

5.0 

7.0 

7.8 
10.9 
16.1 
24.4 
28.8 


38.3 
'38.9 

39.0  9.3 

39.0  10.0 

39,2  10.9 

39.4  16.9 

39.8  22.4 

40.0  30.3 

40.1 
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TABLE  3.  GROUND-LEVEL  TESTING 
Inlet 


pressure 

Exercise 

°2 

N2 

Ar 

co_ 

Run 

Subjects 

ATA  (pslg) 

level 

i: 

r 

1 

U,F 

5.1  (60) 

0 

92.4 

3.3 

4,4 

0.0 

3.7  (40) 

0 

91.8 

3.8 

4.4 

0.0 

2.7  (25) 

0 

82.3 

13.7 

3.9 

0.0 

2.0  (15) 

0 

56.3 

41.0 

2.7 

0.0 

1.5  (8) 

0 

35.0 

63.0 

2.0 

0.0 

2 

K,L 

5.1  (60) 

0 

93.0 

2.4 

4.5 

0.0 

3.7  (40) 

0 ' 

92.8 

2.8 

4.4 

0.0 

2.7  (25) 

0 

83.5 

10.5 

4.0 

0.0 

2.0  (15) 

0 

50.6 

47.0 

2.4 

0.0 

1.5  (8) 

0 

27.6 

71.0 

1.4 

0.0 

3 

D,F 

5.1  (60) 

L 

58.2 

39.0 

2.8 

0.0 

3.7  (40) 

L 

51.5 

46.0 

2.5 

0.0 

2.7  (25) 

L 

42.0 

56.0 

2.0 

0.0 

2.0  (15) 

L 

35.2 

63.0 

1.7 

0.0 

4 

D,F 

5.1  (60) 

M 

45.9 

52.0 

2.1 

0.0 

3.7  (40) 

M 

42.0 

56.0 

2.0 

0.0 

5 

K,M 

5.1  (60) 

M 

50.5 

47.0 

2.5 

0.0 

3.7  (40) 

M 

46.8 

51.0 

2.2 

0.0 

^Exercise  level;  Zero  signifies  subjects  at  rest,  L ■ light,  and 
M " moderate. 


Altitude  Testing  ■*  No  Exercise 

The  altitude-time  profiles  for  the  three,  no-exerclse  flights  are 
shown  In  Figure  3.  Tliese  profiles  were  selected  to  simulate  the  pressur- 
ization schedule  and  mission  envelope  of  the  EA-6B  aircraft,  which  Is 
scheduled  to  be  the  Initial  test  bed  for  the  molecular  sieve  oxygen 
generator  system.  Profile  I was  designed  to  cover  the  operating  envelope 
for  the  EA-6B  aircraft  up  to  FL-440  with  no  programmed  Incident.  Profile 
II  was  designed  as  a FL-250  mission  with  a midpoint  decompression  (60- , 
10- , and  l-sec  duration),  and  mission-completion  requirement  at  FL-250. 
Profile  III  was  a hlgh-altitude  flight  (FL-440)  with  a 10-second  mid- 
point decompression,  followed  by  immediate  descent  to  and  mission 
completion  at  FL-250. 
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ing, Throughout  the  profilL”.  T,  II,  and  ITI  flights,  tlie  in.let  prenaure 
to  the  molecular  sieve  generettor  w.'ia  limited  at  3.7  ATA  (AO  p.nlg)  . 

The  rcnyultn  of  tVie  resting  .aititudo  (decumprcBsinn)  testa  are  aliown 
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from  90','.',  to  937  which  waa  due  in  part  to  aubJe.c.U  variation  In  veni  lln- 
I [en,  and  In  p.nrt  la  aiieli  f.-n'tots  an  mask  fit,  vcnai.l  aetlvltv,  ,uui 


TABLE  4. 


ALTITUDE  TESTING  - NO  EXERCISE 


Product  Kiis  composition  % 

Oxygen 

Argon 

Flight 

Profile 

Subjects 

Max /min 

Max/mln 

1 

I 

B,G 

94.0/94.8 

5. 0/4. 8 

2a 

IIA  (60  sec  RD) 

I,L 

94.8/90.0 

5. 2/4. 3 

3^ 

I IB  (10  sec  RD) 

A,H 

94.8/94. 3 

5. 2/5.2 

4^ 

TIC  (1  sec  RD) 

C.G 

94.8/94.0 

5. 2/6.0 

5 

IIA  (60  sec  RD) 

I,L 

95.0/93.5 

5. 0/4. 6 

6 

I IB  (10  sec  RD) 

A,N 

95.0/94.0 

5. 0/4. 6 

7 

IIC  (1  sec  RD) 

C,G 

94.8/93.6 

5. 2/4. 6 

8^ 

III 

C,J 

94.8/92.0° 

- 

9 

III 

C,J 

94.7/72.0’=»'= 

- 

10 

III 

C,J 

94.9/93.9'’ 

- 

^Flight  preceded  by  30-mlnute  prebreathing  period  at  ground 
level  on  the  molecular  sieve  generator. 

Oxygen  measurements  made  by  electrochemical  oxygen  analy2;er 
(Beckman  Model  OM-11).  Argon  measurements  not  made. 

’^Subjects  held  at  44,000  ft  for  approximately  70  sec  due  to 
malfunction  in  chamber-connecting  valve.  Flight  was  terminated. 


physical  movement.  The  only  unscheduled  Incident  in  the  test  program 
occurred  during  the  second  flight  of  Profile  III  when  a valve  connecting 
the  subject  chamber  to  a vacuum  chamber  stuck  in  the  open  position. 
Following  the  programmed  decompression,  the  subjects  remained  at  FL-A40 
for  approximately  70  seconds  while  the  problem  was  diagnosed  and  recti- 
fied. During  this  period,  the  oxygen  concentration  dropped  to  about  72% 
which  was  attributed,  in  part,  to  increased  ventilation  caused  by  subject 
apprehension,  and,  in  part  to  increased  mask  blowby  from  the  high  regu- 
lator outlet  pressure.  This  flight  was  terminated  following  the  mal- 
function, and  the  profile  was  repeated  (Flight  10)  without  incident. 

With  the  exception  of  the  incident,  oxygen  concentration  remained  in  the 
range  from  92%  to  95%. 


Altitude  Tests  - With  Exercise 

The  final  series  of  manned  altitude  tests  were  designed  to  evaluate 
the  effect  of  inlet  pressure  to  the  molecular  sieve  generating  unit  on 
product  gas  composition  as  well  as  on  mask  suction  pressure  (breathing 
gas  availability).  Four  flights  were  made  (Table  5),  each  with  two 
subjects  initially  at  rest,  followed  by  up  to  7-mlnute  periods  of  exer- 
cise on  the  bicycle  ergometer  at  light  and  moderate  workloads. 
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TABU'  5.  EXPERIMENTAL  PARAMETERS  FOR 


ALTITUDE 

TESTING  WITH 

EXERCISE 

Altitude 

Exercise 

C.abin 

ExhauHL 

level 

'JJilllr 

1 

km  (kft) 

iSHL.Ll'-J.I-)- 

Q-L-M 

1.5  (5) 

1.5  (5) 

0-L-M 

■) 

2.4  («) 

2.4  (8) 

0-L-M 

3 

2.4  (8) 

3.7  (12) 

0-L-M 

4 

2.4  (8) 

6.1  (20) 

0-L-M 

Exercise  level:  Zero  signifies  subject  at  rest, 
L * light,  and  M “ moderate. 


For  these  tests,  the  inlet  pressure  to  the  molecular  sieve  unit  was 
initially  set  at  5.1  ATA  (60  pslg)  and  progressively  decreased  to  3.7, 
2.7,  2.4,  2,0  ATA,  and  in  some  experiments  to  1.3  ATA  (8  pslg).  At  each 
inlet  pressure  and  workload  setting,  the  product  gas  composition  was 
recorded,  us  was  the  mask  auction  pressure  for  the  two  subjects.  The 
lowest  inlet  pressure  setting  in  any  one  test  was  largely  dictated  by 
mask  auction  pressure,  On  several  occasions,  particularly  at  moderate 
workload,  the  subject (s)  indicated  a desire  to  terminate  the  run  pre- 
maturely because  of  fatigue  induced,  at  least  in  part,  by  the  high 
breathing  resistance. 

The  results  of  the  altitude  tests  with  light  and  moderate  exercise 
are  shown  in  Tables  6 and  7,  respectively.  With  the  subjects  at  rest, 
the  concentration  of  molecular  sieve  breathing  gas  remained  essentially 
constant  in  the  range  from  94%  to  95%  oxygen,  4%  to  6%  argon,  and  was 
largely  independent  of  either  inlet  pressure  or  altitude  (cabin  and/or 
exhaust).  With  the  subjects  at  exercise,  the  oxygen  concentration 
exhibited  some  decay  with  time,  which  was  intensified  with  decreasing 
inlet  pressure.  In  general,  the  oxygen  concentration  was  greater  at 
higher  cabin  altitude,  and  had  less  decay  in  those  runs  where  exhaust 
altitude  was  greater  than  cabin  altitude.  With  the  subjects  at  light 
exercise,  the  product  gas  concentration  after  5 to  7 minutes  was  in  the 
range  from  62%  to  87%  oxygen,  3%  to  6%  argon,  and  7%  to  35%  nitrogen. 
After  3 to  5 minutes  of  moderate  exercise,  the  product  gas  ranged  from 
65%  to  92%  oxygen,  3%  to  6%  argon,  and  2%  to  32%  nitrogen.  It  should  be 
noted,  however,  that  oven  the  lowest  concentration  of  oxygen  (62%)  was 
well  above  the  24%  minimum  required  bv  MIL-R-83178  for  hypoxia  protec- 
tion at  2.4-km  (SOOO-ft)  cabin  .altitude. 
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TABLE  6.  ALTITUDE  TESTING,  LIGHT  WORKLOAD 


A.l  tltuclo 

Cabin  P^xhauat 
km  (kft)  km  (kft) 

1.5  (5)  1.5  (5) 


2. A (8)  2.4  (8) 


Inlet 

pressure 

ATA  (paig) 

Subiects 

Time 

min 

Suction 
pressure 
mm  Hg 

Concentration 
Avg  0„  Avg  Ar 
% % 

5.1  (60) 

I/B 

1 

2. 9/3.5 

93.8 

4.5 

2 

3. 2/3. 6 

93.2 

4.4 

3 

3. 5/3. 8 

91.1 

4.2 

4 

4.2/3. 7 

87.0 

4.0 

5 

4. 4/3. 9 

82.8 

3.8 

6 

4. 6/4.1 

80.4 

3.7 

7 

4. 2/4. 3 

78.9 

3.6 

3.7  (40) 

I/B 

1 

3. 6/3. 2 

94.2 

5.0 

2 

4.0/3. 3 

94.6 

4.5 

3 

4. 2/3. 4 

91.0 

4. 1 

4 

4. 1/3. 7 

83.5 

3.8 

5 

4.2/3. 3 

76.8 

3,4 

6 

4. 0/3. 2 

73.3 

3.3 

7 

3. 9/3. 6 

72.2 

3.3 

2.7  (25) 

I/B 

1 

5. 9/7.0 

94.2 

5.  7 

2 

15.8/23.0 

95.0 

4.8 

3 

17.1/21.6 

92.4 

4.2 

2.7  (25)*^ 

1 

18.4/18.2 

81.3 

3.8 

2 

21.6/20.8 

79.3 

3.7 

2.4  (20) 

G/C 

1 

6.0/10.0 

92.9 

6.0 

2 

5.8/30.4 

94.2 

5.2 

3 

5.5/29.4 

94.8 

4.5 

5.1  (60) 

J/L 

1 

1.6/5. 3 

93.8 

4.8 

2 

2. 1/6.1 

93.8 

4.7 

3 

2. 3/4.6 

93.4 

4.6 

4 

2. 4/4. 7 

92.  3 

4,4 

5 

2. 6/4. 9 

91.  1 

4.4 

6 

1.9/4. 6 

90.  5 

4.3 

3.7  (40) 

J/L 

1 

1,6/4.71 

91.9 

4.9 

2 

2. 1/4.3 

94. 1 

5.0 

3 

2. 1/4. 9 

93.9 

4.6 

4 

2. 0/5. 2 

92.8 

4.4 

5 

2. 0/5.0 

91.9 

4.4 

6 

2. 2/5. 5 

91,0 

4.4 

2.7  (25) 

J/L 

1 

1.9/4. 8 

93.8 

6.0 

2 

2. 7/5.0 

94.2 

4.9 

3 

3.2/7. 7 

91.9 

4.4 

4 

3.0/12.7 

86.0 

4,1 

5 

2.5/10.6 

79.2 

3.8 

6 

2.5/12.1 

75.5 

3.6 
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TABLE  6.  (Continued) 


Altitude 

Cabin  Exhaust 

Icin  (kft)  km  (kft) 

2.4  (8)  2.4  (8) 


2.4  (8)  l.fi  (12) 


In  l et 
pressure 

ATA  (psIr) 

Sublects 

Time 

min 

Suction 
pressure 
ram  Hr 

Concentration 
Avg  0_  Avg  Ar 
2 % 

2.7  (25)*^ 

J/L 

1 

1. 8/4.1 

94.0 

5.7 

2 

2.  6/3.8 

94.4 

4.8 

3 

2. 2/5.0 

92.9 

4.4 

4 

2. 1/5. 9 

88.4 

4.2 

5 

4. 3/5.4 

82.5 

3.9 

f) 

2. 7/4.8 

78.6 

3.8 

5.1  (fiO) 

G/C 

1 

3. 8/2.0 

94.2 

4.8 

2 

4. 0/2.0 

94.4 

4.8 

3 

4. 0/2. 8 

94.  1 

4.7 

4 

4.0/2. 8 

93. 1 

4.5 

5 

3. 8/3.0 

91.5 

4 . 4 

6 

4.0/3. 5 

90.4 

4.3 

:.7  (40) 

G/C 

1 

3. 4/2.0 

92.2 

4.2 

2 

3. 5/2. 6 

94.0 

5.4 

3 

3. 7/3.0 

94.4 

4.7 

4 

4. 0/3.0 

93.3 

4.4 

5 

4. 0/3.0 

91.1 

4.3 

6 

4. 0/3.0 

89.3 

4.2 

2.7  (25) 

G/C 

1 

3. 0/2. 6 

88.  3 

4.6 

2 

3. 3/3.0 

92.7 

5.5 

3 

4. 0/3.0 

94.6 

4.9 

4 

4. 0/2. 7 

92.0 

4 . 4 

5 

4, 0/3. 2 

85.8 

4.0 

6 

4. 0/3.0 

80.2 

3.8 

2.4  (20) 

G/C 

1 

3. 8/2. 6 

80.8 

4.2 

2 

3. 9/3. 3 

94.4 

5.0 

3 

3. 8/5.0 

88.6 

4.2 

4 

4. 3/5.1 

74.8 

3.  6 

5 

4.0/5. 9 

67.8 

3.  3 

6 

3. 7/4. 9 

67.4 

3.  2 

2.0  (15) 

G/C 

1 

2. 9/6.0 

93.7 

5.6 

2 

4.3/15. 7 

93.4 

4.6 

3 

4.7/13.6 

81.1 

3.9 

4 

4.4/13.3 

66.5 

3.3 

5 

4.4/19.0 

64.1 

3.  1 

6 

4.0/21. 7 

62.2 

3.  1 

1.5  (8) 

G/C 

1 

6. 3/9. 9 

90.4 

5.0 

2 

8.1/30.0 

93.3 

4.  3 

3 

12.7/44.6 

82.4 

3.8 

4 

14.9/46.  3 

66.9 

3.  3 

12 


2.4  (8)  6.1  (20)  5.1  (60) 


J/1 


^Switched  0 


3.7  (40)  J/1 


2.7  (25)  J/I 


2.0  (15)  J/1 


i 

2. 0/4.0 

94.3 

4.9 

2 

2. 8/4. 2 

94.4 

4.8 

3 

2. 5/4. 2 

94.0 

4.6 

4 

2. 4/4. 3 

93.2 

4.3 

5 

2. 4/4.0 

92.7 

4.4 

6 

3. 1/4.4 

92.1 

4.4 

1 

2. 3/4.0 

89.3 

4.4 

2 

2. 6/4.1 

93.5 

5.2 

3 

2. 7/4.1 

94.3 

4.8 

4 

2. 4/4.0 

93.6 

4.5 

5 

2. 3/4.0 

92.3 

4.4 

6 

2. 3/4.0 

91.1 

4.3 

1 

2. 6/5.0 

94.5 

4.7 

2 

3. 4/5.4 

94.1 

4.5 

3 

2. 9/5. 7 

92.5 

4.4 

4 

2. 6/5.4 

89.8 

4.3 

5 

3. 3/6. 3 

88.0 

4.2 

6 

2. 4/7.0 

87.1 

4.2 

1 

4. 8/9.4 

93.7 

5.4 

2 

8.0/10.5 

94.8 

4.7 

3 

12.8/14.5 

93. R 

4.4 

4 

13.4/18. 3 

90.6 

4.3 

5 

12.4/19.1 

8R.2 

4.2 

6 

11.1/21.6 

86.8 

4.2 

- regulators 


TABLE  7.  ALTITUDE  TESTING,  MODERATE  WORKLOAD 


Altitude 

Inlet 

Suction 

Concentration 

Cnbln 

Exhaust 

pressure 

Time 

pressure 

Avg  0.^ 

Avg  Ar 

km  (kf t) 

km  (kft) 

ATA  (palR) 

Sub  lefts 

mln_ 

mm  Hg 

1.5  (5) 

1.5  (5) 

5.1  (60) 

1/B 

I 

4.  1/4.0 

94.7 



5.4 

2 

4.9/4. 1 

9 3.6 

4.5 

3 

5.4/4. 7 

86.4 

4.0 

4 

5. 3/4. 5 

77.1 

3 . b 

5 

5. 4/4. 6 

72.5 

3.  .3 

6 

5.7/4.75 

72.2 

3.3 

3.7  (40) 

I/B 

1 

4. 1/4. 7 

93.8 

5.1 

2 

5.0/4. 7 

94.6 

4.8 

3 

5. 4/5.0 

89.6 

4.2 

4 

5.6/5. 8 

78.1 

3.6 

5 

5. 4/5.1 

70.6 

3.3 

3.7  (40) 

K/J 

1 

4. 1/3. 3 

94.5 

4,8 

2 

5. 6/4.0 

94.1 

4.6 

3 

5. 6/4.0 

90.8 

4.2 

4 

5. 9/5.0 

80.2 

3.5 

5 

6. 3/5.0 

68.2 

3.2 

6 

3. 9/5.0 

64.8 

3.1 

2.4  (20) 

I/B 

1 

5. 5/5.0 

94.7 

5.2 

2 

17.6/6.3 

95.0 

4.6 

3 

19.0/14.0 

93.3 

4.2 

2.4  (20) 

K/J 

1 

4. 7/3. 4 

80.0 

3.9 

2 

18.1/28.4 

79.5 

3.9 

2.4  (8) 

2.4  (8) 

5.1  (60) 

J/L 

1 

2.0/4. 3 

94.0 

5.0 

2 

2. 2/4.0 

94.0 

4.8 

3 

2.5/4. 3 

93.6 

4.6 

4 

2. 8/4. 3 

91.6 

4. 3 

5 

3.0/4. 7 

86.6 

4.0 

6 

2. 9/4. 5 

81.3 

3.8 

3.7  (40) 

.I/L 

1 

2.0/4. 3 

93.3 

5.4 

2 

2.6/4. 7 

93.9 

4.7 

3 

2. 5/4. 6 

89.4 

4.2 

4 

2. 8/5.0 

83.3 

4.0 

5 

3. 2/5. 8 

77.1 

3.7 

6 

2. 8/4. 9 

74.6 

3.5 

2.7  (25) 

J/L 

1 

2. 6/4. 2 

90.3 

5.2 

2 

2.6/5. 7 

94.3 

5.1 

3 

3.4/12.  3 

90.6 

4.4 

4 

3.9/31.7 

81.0 

3.9 

5 

4.8/28.5 

72.9 

3.5 
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TABLE  7.  (Continued) 


Altitude 

Inlet 
pressure 
ATA  (paig) 

Subiects 

Time 

min 

Suction 
pressure 
mm  Hr 

Concentration 

Cabin 
km  (kft) 

Exhaust 
km  (kft) 

Avg  0, 

7.  ^ 

Avg  A: 
% 

2.4  (8) 

2.4  (8) 

2.7  (25)® 

J/L 

1 

2. 4/3. 7 

93.6 

5.4 

2 

3. 5/4.6 

94.1 

4.7 

8. 3/5.3 

89.9 

4.2 

4. 6/4.6 

82.0 

3.9 

s'’ 

4. 9/5.6 

76.0 

3.6 

2.4  (8) 

3.6  (12) 

5.1  (60) 

G/C 

1 

3. 0/1.6 

94.2 

5.4 

2 

3. 8/2.0 

94.3 

5.1 

3 

4. 7/1.8 

93.4 

4.6 

4 

4. 7/2.9 

89.3 

4.3 

5 

4. 1/2.6 

82.8 

3.9 

6 

4. 3/2.4 

85.5 

3.8 

3.7  (40) 

0/C 

1 

5. 2/1. 2 

87.4 

4.9 

2 

5. 5/2.0 

93.6 

5.2 

3 

4. 8/1.9 

91.9 

4.4 

4 

5. 3/2.0 

85.3 

4.0 

5 

6. 1/3. 2 

82.1 

3.8 

6 

6. 0/2. 5 

86.1 

3.6 

3.7  (40) 

G/C 

1 

2. 9/2.0 

94.2 

4.9 

2 

3. 5/2. 5 

94.2 

4.8 

3 

5. 1/2.6 

93.9 

4.6 

4 

6. 4/2. 6 

92.1 

4.3 

5 

7. 0/2. 2 

87.9 

4.1 

6 

6. 8/2. 9 

B5.7 

4.0 

2.7  (25) 

G/C 

1 

4. 2/1. 8 

92.9 

5.6 

2 

4.5/3. 3 

94.3 

4.9 

3 

5. 7/2. 6 

84.6 

4.1 

4 

10.4/2.5 

69.3 

3.4 

5 

10.3/5.1 

62.9 

3.1 

6 

11.3/4.2 

63.3 

3.0 

2.4  (20) 

G/C 

1 

7. 9/8. 3 

85.1 

4.2 

2 

14.8/22. 1 

91.6 

5.4 

3 

17.6/28.3 

94.7 

5.1 

2.4  (8) 

6.1  (20) 

3.7  (40) 

J/I 

1 

3. 1/4.0 

94.4 

5.3 

2 

4. 3/3.9 

94.4 

4.8 

3 

4.6/4. 3 

93.0 

4.5 

4 

5. 1/4. 4 

89.6 

4.2 

5 

5. 1/4.4 

86.5 

4.1 

6 

5. 4/4. 6 

83.2 

3.9 
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TABLE  7.  (Continued) 


Altli'-ude  Inlet 

Suction 

Concentration 

Cabin  Exhaust  pressure 

Tlmt- 

pressure 

Avg  0„ 

Avy  A 

km  (kft)  km  (kft)  ATA  (psig) 

Sub.lfcctB 

mln_ 

nun 

Z ^ 

2.4  <8)  6.1  C’O)  2.7  (25) 

d/I 

1 

2. 0/3.4 

95.0 

5.0 

2 

3. 1/5. 9 

94.4 

4.6 

3 

3. 6/6.4 

91.8 

4.3 

4 

4. 0/8.0 

86.9 

4.1 

5 

5. 0/9. 6 

82.6 

3.9 

6 

5.1/10.3 

80.0 

3.8 

2.0  (15) 

J/I 

1 

5. 8/5. 6 

90.5 

5.4 

2 

18.6/7.7 

94.8 

4.9 

3 

30.7/12.1 

94.4 

4.4 

4 

35.3/13.4 

90.6 

4.2 

5 

32.0/16.6 

86.3 

4.0 

2.4  (20)“ 

K/J 

1 

8. 1/20.5 

93.2 

6.8 

2 

16.5/43.8 

94.2 

5.5 

2.4  (20) 

L/J 

1 

4. 0/8.5 

93.1 

5.8 

2 

4.6/13,5 

94.7 

4.8 

3 

10.1/23.9 

93.9 

4.5 

“Oj  regulator  hoses  switched. 

^’subjects  employed  deliberate  alternate  breathing  cycles. 
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The  breathing  resistance  data  was  somewhat  more  problematic. 

Figure  A shows  the  average  mask  suction  pressure  for  the  exercise  period 
plotted  against  inlet  pressure  to  the  molecular  sieve.  At  inlet  pres- 
sures of  5.1  ATA  and  3,7  ATA  (60  and  AO  psig,  respectively),  average 
suction  pressure  was  in  the  range  from  3 to  5 mm  Hg.  In  nearly  all 
cases  the  suction  pressure  increased  sharply  when  the  inlet,  pressure  was 
set  below  2.7  ATA  (25  psig).  At  the  lower  cabin  altitude  (3,000  ft), 
suction  pressure  increased  aubatantlally  when  the  inlet  pressure  fell 
below  3.7  ATA  (AO  psig).  Ideally,  at  resting  conditions,  the  maximum 
resistance  to  breathing  should  not  result  in  mask  suction  pressures  in 
excess  of  2 mm  Hg  (1,  9).  Although  breathing  reslntance  acceptance  Is 
thought  to  increase  with  flow  (9),  the  maximum  suction  pressures  observed 
in  the  present  study  (in  excess  of  IS  mm  Hg)  were  only  marginally  tolera- 
ted by  the  test  subjects.  In  several  cases  the  high  breathing  resist- 
ance contributed  to  fatigue  and  early  termination  of  test  protocols. 
These  findings  Indicate  a need  for  development  of  an  Improved  regulator 
for  molecular  sieve  oxygen  systems. 


CONCLUSIONS  AND  RECOMMENDATIONS 

With  ce<tuln  qualifications,  dealing  primarily  with  oxygon  delivery 
equipment,  ( ..e  2-man  molecular  sieve  unit  appears  ready  for  preliminary 
flight  test.  The  unit  delivered  adequate  oxygen  concentration  for 
hypoxia  protection  up  to  an  altitude  of  8.5  km  (28,000  ft)  and,  with 
Improved  pressure  demand  regulation  will  provide  adequate  and  safe 
oxygen  pressure  for  protection  to  13. A km  (AA,000  ft).  In  the  100% 
delivery  mode,  however,  recognition  must  be  made  of  the  posHlblllty  of  u 
noticeable  increase  in  breathing  resistance  (mild  gas  atarvation)  which 
may  obtain  at!  (a)  cabin  altitudes  below  2.4  km  (8,000  ft),  und/or  (b) 
bleed  air  pressures  below  2.7  ATA  (2.5  psig).  At  cabin  altitudes  above 
2. A km  (8,000  ft),  the  mass  flow  should  not  become  restrictive  except 
under  relatively  heavy  workloads;  l.e.,  ventilation  levels  in  excess  of 
25  LPM. 

The  argon  concentration  in  the  molecular  sieve  product  gas  measured 
from  1.8%  to  5.2%.  At  these  concentrations,  it  l.s  considered  unlikely 
that  argon  will  present  any  significant  risk  of  decompression  sickness 
(A).  No  symptoms  of  decompression  sickness  were  reported  or  observed  in 
any  of  the  manned  test  runs.  However,  it  should  also  be  mentioned  that 
no  decompression  problems  were  expected  due,  in  yart,  to  the  relatively 
short  period  of  time  at  altitudes  over  7.6  km  (25,000  ft).  Animal 
studies  are  currently  ongoing  at  the  USAF  School  of  Aerospace  Medicine 
\islng  a Doppler  technique  to  determine  the  number  of  intravascular 
bubbles  formed  with  100%  oxygen,  and  with  breathing  gas  mixtures  con- 
taining either  argon  or  nitrogen  as  diluents. 

We  recommend  that  the  flight  test  program  incorporate  an  improved 
pressure  demand  oxygen  regulator  designed  for  use  with  the  molecular 
sieve  system.  The  modified  CRU-68  regulators  employed  Jn  tills  study 
were  only  marginally  adequate  in  terms  of  breathing  resl atiince , and 
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Flguri!  Average  mask  suction  pressure  as  a function  of  molecular 
sieve  Inlet  pressure.  I’nrametcr  is  workload*  induced  by 
exorcising  on  a bicycle  ergometer. 


delivered  an  excessive  positive  breathing  pressure  at  altitudes  above 
9.7  km  (32,000  ft).  The  Ideal  100%  regulator  for  molecular  sieve 
application  must  be  capable  of  supplying  the  required  volume  of  respira- 
tory gas  at  low  inlet  pressures  and  high  flow  rates.  The  pressure 
breathing  schedule  for  altitudes  from  8.5  to  13.7  km  (28,000  to  45,000 
ft)  should  only  be  Increased  about  10%  over  that  specified  in  MIL-R- 
83178,  to  account  for  the  fact  that  molecular  sieve  breathing  gas  is  95% 
oxygen. 
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